The NIRCam instrument on the James Webb Space Telescope (JWST) will provide a coronagraphic imaging capability to search for extrasolar planets in the 2 -5 microns wavelength range. This capability is realized by a set of Lyot pupil stops with patterns matching the occulting mask located in the JWST intermediate focal plane in the NIRCam optical system. The complex patterns with transparent apertures are made by photolithographic process using a metal coating in the opaque region. The optical density needs to be high for the opaque region, and transmission needs to be high at the aperture. In addition, the Lyot stop needs to operate under cryogenic conditions. We will report on the Lyot stop design, fabrication and testing in this paper.
INTRODUCTION
The JWST will provide a capability to search for extrasolar planets in the wavelength range 2 -5 microns using the NIRCam 1 instrument on the JWST. NIRCam has a coronagraphic imaging mode, which is realized by employing a combination of occulting masks located in the intermediate image plane, with a Lyot stop located at the NIRCam pupil plane. The occulting masks, sized for specific wavelengths chosen to optimize planet detection, will block the central portion of a star's point spread function (PSF) at the JWST telescope focus with different sized spot and wedge-shaped patterns (see Figure 1 ). The detailed occulting mask design and fabrication have been described by Krist et al. 2 The Lyot stops complete the suppression of the stellar PSF by masking any starlight that bypasses the occulters.
In this paper, we will report on the Lyot stop design, manufacturing and testing. Module B
LYOT STOP DESIGN
The diffraction pattern in the NIRCam pupil formed by a star centered on an occulting mask consists of the remaining starlight concentrated around the images of the telescope obscurations (segment edges, secondary obscuration and spiders) and contains areas (holes) of very low intensity. By placing an opaque mask in the pupil with holes corresponding to these low-intensity areas, almost all light from the occulted star will be suppressed, while that from an offset planet slips through the holes. Rather than placing the mask at the telescope exit pupil, it will be located in the filter wheel where the pupil is relayed by the NIRCam collimator. Figure 2 shows the predicted pattern in the pupil formed by a star behind the spot occulter (circular shape in Figure 1 ) and wedge occulter (arrow shape in Figure 1 ). The corresponding Lyot stops are depicted in Figure 2 The locations of the holes in the Lyot stops in an ideal system were derived by computing the diffraction pattern at the pupil for an occulted source using the PROPER wavefront propagation library 3 . Because the actual NIRCam pupil image is distorted due to design constraints, the coordinates of the holes had to be converted to match. This was accomplished by ray tracing with Lockheed Martin's in-house software package Optima 4,5 using a model for the combined NIRCam shortwave (SW) and longwave (LW) channels. In the optical model, the Lyot stop surface is identified as the first surface of pupil in each channel SWP 1 or LWP 1. The global coordinates to the center of the Lyot stop surface in both optical model coordinates (X,Y,Z) and in space craft coordinates (V1,V2,V3) are identified.
The sapphire plate substrate at the coronagraph occulting mask (COM) location was modeled as cold sapphire, using the ordinary refractive index for sapphire at 37 K calculated using the Tropf model of Yang et al. 6 The extraordinary rays were also traced. No significant differences were found between the o-ray and e-ray trace.
To establish the Filter Wheel assembly coordinate system F[F1, F2, F3], a dummy surface was inserted in contact with the SWP 1 (LWP 1) surface; this surface was then rotated around its surface normal through the local vertex until its local F2-axis was exactly perpendicular to the global YZ-plane and so that the local F3-axis pointed in the direction of light propagation at the surface.
There are two Lyot stops in each optical path (channel). One Lyot stop is the spot stop, the other one is the wedge stop. There are two spot occulters (4.3 and 3.35 microns) in the LW channel. Only one can be used in one channel. The arrangements are listed in Table 1 . The wavelength selection is physically realized by the bandpass filters located in the NIRCam Filter Wheel. The spectral band of the each bandpass filter are given by Mao et al. 7 For each path (SW or LW) and each mask type (Wedge or Spot), the relevant field point and wavelength were chosen and rays were then traced in Optima aimed at the scaled outline of each Lyot stop hole on the JWST telescope exit pupil and the (F1,F2) ray intersections at the Lyot stop surface (the surface labeled SWP 1 or LWP 1, respectively) were recorded. For the 4-sided wedge holes, the outline was created by generating 50 points between neighboring polygon vertices and tracing rays to all these points. For the curved holes in the spot occulter's Lyot stop, more than 200 points were used for each stop hole. The coordinates of the Lyot stops are plotted in Figures 3 and 4 for the spot stop and wedge stop, respectively. The spot stops of SW Module A and Module B in Figure 3 are mirror images of each other. All the other Lyot stops are unique. To verify the analysis in Optima, we also performed optical analysis using CodeV 8 for one of the masks. The results for this one mask from Optima and CodeV agree very well.
Lyot stop optic wedge design
The field points corresponding to the locations of the occulting masks are outside the NIRCam focal plane array (FPA) for normal imaging. Figure 5 shows the NIRCam in-field images inside the FPA and the Coronagraphic images outside the FPA. In order to bring the out-side field of view into the FPA, a wedge design is incorporated in the Lyot stop optic. Figure 6 shows that the Barium Fluoride (BaF 2 ) wedge (5 o wedge) design with curvature on one surface is best among several design trades for the SW path. The dispersion is at a minimum with the BaF2 wedge design when three wavelengths (shortest, middle and longest in each filter band) are modeled for each filter band. A Silicon wedge (1 o ) was selected for the LW path. The optic wedge orientation relative to Lyot stop hole patterns has been clearly marked in Figure 3 and 4. Figure 7 shows coronagraph wedge pupil wheel orientations for Module A, Module B, SW & LW.
Intensity suppression and optical density
We have set our design goal of suppression at the Lyot stop to be better than 10 -6 (OD6). Figure 8 shows some candidate metal coatings on the BaF 2 substrate. Similar behavior has been found for the Silicon substrate.
Tolerance considerations
At λ = 4.6 μm, the contrast degrades by 0.1x-0.2x for a 2% pupil shear, but it degrades by ~10x for a 3% pupil shear. Therefore, the Lyot stop hole vertices need to be accurate to ±0.03 mm to accommodate a pupil shear of 2% of the pupil diameter.
LYOT STOP FABRICATION

Lyot Stop Wedge Substrates
The chosen Lyot stop wedge substrates are BaF 2 for SW and Si for LW as stated in section 2.2. The shape of the Lyot stop substrates is depicted in Figure 7 with three flat cuts for mounting in the NIRCam Pupil Wheel. A circular shape may slip, cause rotational error and introduce Lyot stop pupil shear to the diffraction pattern generated by a star and nearby planet. As stated in section 2.4, a 3% pupil shear will cause the contrast to degrade by ~ 10%. In order to prevent rotational slip in the Pupil Wheel due to pupil shear tolerance considerations, the Lyot stop wedge substrates were cut flat at three sides.
Patterning Lyot Stop by Photolithography
The Lyot stop hole patterning is fabricated by a photolithographic technique. The photolithographic technique will produce the Lyot stop hole vertices with an accuracy less than ±0.015 mm, which is half of the required tolerance indicated in section 2.2. Before depositing the masks on the flight optical wedges, the photomasks were first fabricated and tested with BaF 2 coupons. The patterning process was carefully designed and developed to withstand repeated cryo-cycling. The early development coupons were cryo cycled to ensure survivability and retention of registration precision under cryogenic temperatures, by tuning in and perfecting the photolithography process. Several process iterations combining AR coating and metal coating refinement were performed. BaF 2 is a tricky material to work with. The BaF 2 substrate is a single crystal material, very sensitive to temperature, and can fracture easily with slight strains caused by temperature gradients and mechanical stresses.
Coatings on the Lyot stop
AR coatings were applied on both sides of the Lyot stop wedge substrate. The AR coating has been found to be both an anti-reflective and adhesive material in the photolithography process. Without the proper AR coating, the metallic pattern produced by photolithography would not properly adhere to the Lyot stop wedge after cryogenic to ambient temperature cycling.
Several metal coating samples were produced and tested under cryogenic conditions. The tape (3M Scotch brand #600 clear tape) pull tests were applied to the samples for the adhesion test. Some material combinations failed the adhesion tape test after the cryo-cycling. Some samples showed discoloration after the cryo-cycling. A gold coating with proper binding layer was selected for the Lyot stop for the high optical density coating. 
LYOT STOP TESTING
Lyot Stop Cryogenic Environmental Testing
Two completed Lyot stops (see Figure 9 ) went through two cryo-cycles from ambient to 30K. The tape test was applied to them after the two cryo-cycles. Both parts survived the cryo-cycling and the subsequent tape test. The temperature profile of the cryo-cycle is plotted in Figure 9 . The witness samples had temperature sensors attached to them to record the temperature during cool-down and warm-up. Table 2 lists the measurements of two holes on one of the spot stop masks and one of the wedge stop masks. The delta X and delta Y are the differences between the measurement and design vertex values. The differences are in the range ±0.011 mm. The fabrication differences from the photomasks to the real parts were within ±0.001 mm. Therefore, the Lyot stop hole vertices were fabricated well within the required ±0.015 mm requirement. The Lyot stop spectral performance was measured in hole area transmission and non-hole area transmission separately. The Lyot stop wedge substrates were first AR coated both sides. The Lyot stop hole spectral transmissions were measured after both sides were AR coated before the patterning process. Figure 10 (a) shows the spectral transmission of the SW coating on the BaF 2 substrate. The transmission is shown to be ~80% in the wavelength 2.1 micron range. Figure (b) shows the spectral transmission of the LW multilayer AR coating on the Silicon substrate. The transmission is shown to be 98.1% at wavelengths 3.35 and 4.3 microns, and 98.2% at 4.6 microns.
The spectral transmission of the Lyot stop non-hole area is shown in Figures 10 (c) and (d).
Figure 10. Lyot stop spectral transmission measurement results
The transmission is shown to be less than 0.025% from 880 to 2500 nm for the SW, and from 2300 to 5000 nm for the LW channel. The measurement instrument is not capable of measuring the transmission to 0.0001%, which corresponds to OD6. However, the transmission spectra shown in Figures 10 (c) and (d) indicate a better than OD4 flat level in the spectra in the wavelength range measured.
Lyot Stop Optical Density Measurement
The Lyot stop optical density (OD) is an important parameter. The spectral transmission measurement instrument is not capable of measuring to the OD6 level, as discussed above. However, the measurements showed the spectral flatness of better than OD4 for both the SW and LW channel wavelength ranges (see Figures 10 (c) and (d)). Based both on the spectral measurements and the design (see Figure 8 ), if we can measure at one wavelength with a laser and show the OD level to be better than OD6, we can conclude that the Lyot stop spectral suppression is better than OD6. used with an OD3 ND Filter and Newport Power Meter 1918-C. The setup was first checked with various calibrated ND filters for the optical density measurement range, and periodically checked every few Lyot stops measurements. There were five measurement locations for each Lyot stop being measured, one in the center, and four (two opposing orthogonal pairs) on the outer side of the hole area, as depicted in Figure 11 .
The measured optical densities for each type of Lyot stop were tabulated and listed in the table in Figure  11 . The Input Power was measured to be 87.9 mW for most measurements, with an empty beam path. The Transmitted Power was measured to be in the range of a few nW in a dark room with the Lyot stop in the beam path at the location. The optical density at each location was calculated with the formula:
Optical Density = -Log 10 (Transmitted Power / Input Power).
The optical Densities of the Lyot stops were measured to be better than OD6 at five locations for all the Lyot stop types (see Table in Figure 11 ). The image of the SW spot stop in the Figure 11 is taken from the AR coating side. Figure 11 . Lyot stop optical density measurement.
CONCLUSION
The Lyot stops in the NIRCam instrument have been designed, fabricated and tested to work at cryogenic temperatures. Eight different types of Lyot stops have been tested to have OD6 or denser at five locations on the Lyot stop opaque regions. The pupil shear of the Lyot stop hole vertices was tested to have tolerances well within ±0.015 mm, half of the ±0.030 mm tolerance for a 2% pupil shear. All of those requirements combined to provide excellent coronagraphy for the NIRCam instrument.
